■ INTRODUCTION
Atmospheric brown carbon (BrC) is a common term for organic aerosol (OA) constituents that efficiently absorb solar and terrestrial radiation, and therefore have ultimate impact on climate forcing. 1−6 However, quantitative predictions of the contribution of BrC to the overall light absorption are still challenging because of the chemical complexity and source diversity of BrC. 7, 8 BrC constituents are present both in primary aerosols emitted from combustion sources 9 and in secondary organic aerosols (SOA). 7 In some cases, the overall light-absorbing properties of SOA are determined by trace amounts of strong chromophores with highly specific molecular structures. 10 Additionally, light absorption properties of OA are influenced by intermolecular interactions resulting in formation of charge−transfer complexes between different OA molecules. 11, 12 Numerous studies indicate that the optical properties of BrC evolve significantly as a result of various atmospheric processes such as oxidation, 13, 14 solar irradiation, 15, 16 changes in temperature 17 and relative humidity. 18−20 These factors make the chemical composition and concentration of BrC chromophores highly variable across sources and locations, 7, 8 which in turn results in high uncertainties in predicting and mitigating their climate effects. 1, 21, 22 Biomass burning organic aerosol (BBOA) has been identified as an important contributor to "primary BrC". 9,23−25 High columnar light absorbing levels have been observed in regions with high biomass burning activity. 26 A recent study reported that in the rural regions of the southeastern United States a majority of light absorption from BrC is associated with BBOA, with minor contributions from biogenic SOA. 27 Optical properties of BrC differ substantially among individual studies, with absorption Ångstrom exponent (AAE) values ranging from 1.5 to 12. 9, 21, 23, 28 These differences are attributed to the compositional diversity of BrC originating from different sources. Furthermore, the optical properties of BrC may change as BBOA ages in the atmosphere, 29−31 whereas the effect of aging on light absorption strongly depends on the molecular structures of BrC. 15, 16, 32 It follows that structural characterization of BrC chromophores will facilitate understanding of their photochemical stability and chemical transformations necessary for the accurate prediction of radiative forcing by BrC. 3 The major challenge in the chemical characterization of BrC is distinguishing its light absorbing components (chromophores) from a majority of nonabsorbing aerosol constituents. The combination of high performance liquid chromatography (HPLC), photodiode array (PDA) spectrophotometry, and high resolution mass spectrometry (HRMS) is a powerful platform for the characterization of BrC chromophores. This technique has been previously used for characterization of BrC in laboratory-generated SOA 33, 34 and in ambient aerosols and cloudwater impacted by the biomass burning. 35−38 In this paper, we demonstrate the utility of the HPLC/PDA/ HRMS platform for characterizing the molecular composition and optical properties of BrC chromophores present in a group of BBOA samples collected in a field study. We show that this approach can be used for the detailed analysis of the major BrC chromophores in the solvent-extractable fraction of BBOA, and assessment of their common versus source-specific appearance in BBOA. We also examine photodegradation of BrC chromophores by sunlight and the distribution of saturation mass concentrations of organic compounds in BBOA particles.
■ EXPERIMENTAL SECTION
Details about the experimental methods are described in Appendix I of SI. Briefly, BBOA samples were collected during the fourth Fire Lab at Missoula Experiment (FLAME-4). 39 We focus on BrC emitted from burning of four biofuels: sawgrass (SG), peat (PT), ponderosa pine (PP), and black spruce (BS). These are representative biomass materials consumed by fires in grassland, peatland, and forest areas. 40, 41 The FLAME-4 was designed to simulate fire emissions of "real-world" biomass burning activities. 39 Therefore, the combustion efficiencies of these biofuels were different and affected by many factors such as structure of the fuel assembly prior to ignition, moisture content and environmental variables. 42, 43 Although the intent of this paper is to characterize BrC emitted from different biofuels, it should be noted that the chemical composition of BrC may also depend on the burning condition.
Particles were collected using a 10-stage Micro-Orifice Uniform Deposit Impactor (MOUDI, MSP, Inc.). Samples on the sixth and seventh impactor stages were combined together, extracted in 2 mL acetonitrile by ultrasonic extraction, and filtered with 0.45 μm PTFE membrane filters. The resulting solutions were concentrated under N 2 flow to a volume of ∼50 μL, then ∼200 μL of ultrapure water was added to make samples compatible with HPLC analysis.
Chemical analysis was performed with a HPLC/PDA/ HRMS platform. 33, 34 Details about the experimental setup, data acquisition, peak deconvolution, 44 formula assignment, 45 are described in SI. The aromatic index (AI) and double-bond equivalent (DBE) values were calculated according to Koch and Dittmar's work. 46, 47 The data used for "molecular corridor" analysis 48, 49 were obtained through direct infusion ESI-HRMS analysis of the samples. 45 The stability of the BrC chromophores was investigated by exposing the solutions of BBOA samples in 50% (v) water/ acetonitrile to filtered UV irradiation from a Xe-lamp and tracking the solution absorbance at 300 nm as a function of the The chemical composition of BBOA was investigated using the HPLC/HRMS data acquired in both positive (+) and negative (−) ESI modes. 50 Compounds were detected as either sodium adducts, [ Figure S1 indicates differences in the selectivity and sensitivity of the (+)ESI and (−)ESI modes toward specific BBOA compounds. For example, in PP BBOA ( Figure S1 ), the (+)ESI TIC is dominated by compounds with low DBE, such as C 8 BrC chromophores have been distinguished by examining time periods of the HPLC/HRMS data corresponding to the PDA absorption peaks extending into the near-UV and visible wavelength ranges. 33, 34, 36 The third analytical dimension provided by the PDA detector is immensely useful for this task, however, the HPLC/PDA/HRMS analysis can still be ambiguous because of the large number of compounds in BBOA samples. The HPLC/PDA/HRMS results for SG BBOA sample will be used as an illustrative example of the identification of potential BrC chromophores and of the analytical challenges associated with this process. UV−vis and mass spectra of species observed at two different RT in SG BBOA are shown in Figure S5 . In ideal situations, which, unfortunately, are not common, only one chromophore is detected in a chromatographic peak. For example, the (−)ESI mass spectrum shown in Figure S5b is Figure S5c ), these species correspond to saturated compounds with DBE = 0 that are not chromophores. The corresponding UV−vis spectrum of a chromophore at RT = 15.0 min is characterized by a single absorption maximum (λ max ) around 345 nm ( Figure S5a ) consistent with the presence of a single chromophore at this RT. The UV−vis spectrum of 4-nitrocatechol, C 6 H 5 O 4 N, with λ max at 345 nm and a shoulder at 309 nm 51 matches exactly the spectrum shown in Figure S5a . Thus, the BrC chromophore at RT = 15 min is most likely 4-nitrocatechol. 52 We note that more detailed structural characterization of BrC chromophores using, for example, tandem mass spectrometry and comparison with reference standards, 37 could be possible but is outside the scope of this study.
In other cases, despite the advantages offered by the chromatographic separation and multiple detectors employed in HPLC/PDA/HRMS, the UV−vis and MS spectra are fairly complex and cannot be unambiguously assigned to a single compound. Figure S5d shows a UV−vis spectrum detected at RT = 50.6 min with several absorption maxima above 300 nm. The corresponding (−)ESI mass spectrum shows a single most abundant peak, C 25 H 36 O 2 (DBE = 8, AI = 0.26) (Figure S5e ), which is a good candidate of a chromophore. However, the (+)ESI mass spectrum shown in Figure S5f contains additional ions including plausible BrC chromophores and species that cannot contribute to the observed light absorption. To further narrow down the list of possible candidates, we use comparative analysis of the extracted ion chromatograms (EICs) to distinguish ions strongly correlated with the PDA chromatographic peaks. Details of the data analysis are illustrated in Figure S6 and have been described in our previous publications. 33, 34 EICs of eight molecules are strongly correlated with the PDA signal ( Figure S6) chromophores in BBOA samples and suggest that acquisition of mass spectra in multiple ionization modes, along with the PDA spectra is essential for obtaining complementary information on the chemical composition of BrC. Figure 2 shows the 3D-plot of HPLC/PDA results obtained for the SG BBOA sample along with formulas of the plausible chromophores, identified as described above. A full list of these compounds is summarized in Table S1 , and the corresponding UV−vis spectra are shown in Figure S7 . Our analysis suggests that BrC chromophores in SG BBOA are compounds with a wide range of molecular weights, structures, and optical properties. Chromophores eluting between 15 and 34 min are dominated by CHON compounds with zero or one N atom, O/N > 2 and AI > 0.5. These species are observed only in the (−)ESI mode indicating that they are likely nitrophenolic compounds. As mentioned earlier, C 6 H 5 O 4 N (RT = 15.0 min) has been identified as 4-nitrocatechol based on its UV−vis spectrum. C 7 H 7 O 4 N (RT = 20.4 min) has a very similar UV− vis spectrum ( Figure S7a) to that of 4-nitrocatechol ( Figures  S7b and S5a) . Therefore, considering the fact that substitution of a methyl group makes nearly no change to the UV−vis spectrum of nitro aromatic compounds, C 7 H 7 O 4 N is assigned as a methyl-substituted nitrocatechol. 34, 36, 53 Other chromophores including C 8 H 7 O 4 N, C 8 H 7 O 3 N, C 9 H 7 O 4 N, and C 10 H 7 O 4 N, have a UV−vis spectrum with a maximum at ∼380 nm and tailing absorption in the 400−450 nm range ( Figure S7c-e) , which is characteristic of nitro-phenolic compounds. 54 Their tentative structures proposed on the basis of literature data, 38, 55, 56 are shown in Figure S8a . These chromophores are mainly nitro-aromatic compounds with at least one acidic functional group (e.g., hydroxyl-and carboxylsubstitution). Of particular interest is the C 16 H 9 O 3 N chromophore eluting at RT = 33.1 min, which may correspond to a 4-ring PAH with nitro-and hydroxyl-substitutions 38 ( Figure S8a ).
Nitro-phenols have been previously observed as the most abundant BrC chromophores in organic aerosols collected during the dry season of the Amazon rainforest, 35 and in cloudwater impacted by biomass burning in eastern China. 36 The latter study also demonstrated that these chromophores accounted for approximately half of measured light absorption. Similar nitro-phenolic compounds were observed in a suburban region of London during winter time, when domestic wood burning is the prevalent source of air pollutants. 57 A recent study quantified a group of nitrophenols in a total of 184 ambient aerosol samples collected in Hong Kong over 3 years and concluded that they were mainly associated with aged BBOA. 55 It has been proposed that methyl-nitrocatechols are formed by photooxidation of m-cresol emitted from wood combustion, and could be used as tracers for SOA formed by secondary photooxidation of primary biomass burning emissions. 58 During biomass burning, substituted phenols such as alkylphenols and methoxyphenols are produced from the pyrolysis of lignin, 59, 60 which is the second most abundant component of plant material after cellulose. 61 These phenols are suggested to yield nitro-phenols through reactions with atmospheric radicals such as
• NO 2 ,
• NO 3 , etc. 62 Our study of primary emitted BBOA samples suggests that nitrophenols can also be produced during biomass burning, which is Table S1 . an oxidation process and releases a large amount of heat, NO x , CO, and reactive volatile organic compounds (VOCs). 39, 63 A number of strong chromophores are observed as CHO compounds in the SG BBOA sample. They elute at RT ranging from 34 to 50 min and are detected more efficiently using (+)ESI. Their elemental formulas contain more than 17 carbons and 1−3 oxygens with AI > 0.67, indicating they are likely either oxygenated or O-heterocyclic PAHs (O-PAHs). Several reduced nitrogen compounds, such as C 21 H 13 N, C 21 H 11 N, and C 23 H 13 N, are also observed. Their high AI values suggest that they are N-heterocyclic PAHs (N-PAHs) with 4 to 6 aromatic rings fused together. Tentative molecular structures of these species are illustrated in Figure S8b ,c. It has been reported that biomass burning produces substantial amounts of PAHs in both the gas-and particle-phase. 64 It is reasonable to assume that PAH derivatives such as O-PAHs and N-PAHs are also present in primary BBOA samples. The UV−vis spectra of PAHs with 4−6 rings typically contain multiple absorption peaks in the range of 300−400 nm. 65, 66 In our study, the UV−vis spectra of PAH derivatives exhibit significant absorption at longer, 400−500 nm, wavelengths (e.g., Figure S7f−l) . The observed red shift of the absorption band could be attributed to the fact that O and N atoms in OPAHs and N-PAHs possess nonbonding electron lone pairs, which are responsible for the n-π* transitions in addition to the π−π* transitions originating from the PAH π-electron system. 67 Thus, the heterocyclic O-PAHs and N-PAHs may absorb more solar radiation in the visible wavelength range than their corresponding PAHs. The HPLC/PDA data and the BrC chromophore assignments obtained for the other three BBOA samples (PT, PP and BS) are shown in Figures S9−S11 and Table S1 . Many strong and weak chromophores are observed in these samples, most of which are different from the chromophores identified in the SG BBOA sample. Although several nitro-aromatic compounds, such as C 6 H 5 O 4 N and C 7 H 7 O 4 N, have been observed in all the samples, their relative contributions to the overall light absorption are not as significant in the PP, PT, and BS BBOA in comparison with SG BBOA. Instead, the chemical composition of the major chromophores in these three samples is dominated by CHO compounds with 7−28 carbons and 3−8 oxygens (Table S1 ), indicating their higher oxidation state than the chromophores detected in the SG BBOA sample. According to the structures of plant tissue material and the molecular markers of BBOA reported in the literature, 64 tentative molecular structures of these chromophores can be suggested ( Figure S12 ). For example, based on the molecular formula and on the distinctive absorption spectrum, 68 Flavone backbone is the core structure of natural pigments and condensed tannins. 73 Condensed tannins are the most abundant polyphenols in nature, widely found in all families of plants. 74 Thus, thermal breakdown or pyrolysis of plant polyphenolic compounds such as lignin, lignans, and tannins during combustion 60, 64 may be an important source of BrC chromophores in BBOA.
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Comparison between the PT, PP, and BS BBOA samples reveals a variety of BrC chromophores common and unique for different BBOA. For clarity, Figure S13 shows the 10−40 min segments of HPLC/PDA density maps of PT, PP, and BS BBOA. Several distinct groups of chromophores are readily distinguished and their corresponding elemental formulas are listed. In the cases when several species can be assigned as BrC chromophores on the basis of the correlation between their EICs and the PDA peak, the elemental composition associated with the most abundant MS feature is chosen as the representative species (a full list of formulas is included in Table S1 ). Several common chromophores appear repeatedly in different samples. For instance, C 8 H 8 O 3 , C 9 H 8 O 3 , and C 9 H 7 O 3 N are observed in all three samples, but their relative contributions to the total light absorption are different. For example, C 8 H 8 O 3 at RT = 10.0 min corresponds to the most abundant PDA peak observed in the BS sample, whereas its contribution in the PP and PT samples is minor. In these two samples, very similar PDA absorption peaks and identical elemental formulas are detected during 12−28 min of RT. This similarity suggests the common nature of the PP and BS biomass fuel, as both of them are coniferous trees.
A significant fraction of light absorption in the PT sample is contributed by chromophores eluting after 30 min ( Figure  S13 ), implying they are more hydrophobic than the major chromophores in the PP and BS samples. The top three abundant PDA peaks in the PT sample correspond to compounds with formulas C 18 O 3 are unique chromophores solely detected in the PP sample. These results suggest that the chemical composition of BrC chromophores and their relative abundance depend on the type of biomass fuel (and probably also on the burning conditions). Those source-specific chromophores may be used as molecular markers for BrC apportioned to specific types of biomass burning sources.
Understanding source-specific apportionment of BrC is useful in modeling its climate forcing effects on the basis of emission inventory. Overall, OA are composed of a myriad of organic compounds from a variety of sources, most of which do not absorb solar radiation in the visible range. A traditional molecular tracer of BBOA used for aerosol source apportionment is levoglucosan, which does not absorb visible and near-UV radiation. Since BrC chromophores appear to have different distributions in BBOA of different origin, the concentration of a single compound, such as levoglucosan, may not be correlated with overall light absorption by BrC. Thus, using levoglucosan as a tracer indicating the extent of the light absorption by BBOA may result in inherent uncertainties. The results of our study suggest that selected abundant chromophores within BrC mixtures may be potentially used as molecular markers to estimate total BrC light absorption of BBOA. Those BrC molecular tracers may be potentially used for more accurate emission inventories of BrC for atmospheric models.
It has been reported that ∼90% of BBOA can be extracted into moderately polar organic solvents, such as methanol or acetonitrile. 9, 75 It would be worthwhile to evaluate the contributions of the identified strong chromophores to the overall UV−vis absorbance measured in the acetonitrile extracts of each of the BBOA samples (Figure 3) . Figure 3a shows the overall UV−vis absorbance of the SG BBOA sample with relative contributions from the 20 most absorbing BrC chromophores labeled in Figure 2 . Overall, ∼50% of the bulk BrC absorbance in the wavelength range of 300−500 nm may be attributed to these strong chromophores. Chromophores 1− 10 are mainly nitro-phenols and their derivatives, which account for ∼25% of the overall light absorbance by SG BBOA. The PAH derivatives (BrC chromophores 11 to 20) account for another ∼25% fraction of the total absorption. The remaining ∼50% of the bulk absorption could be attributed to a myriad of weak chromophores with either lower concentration or smaller molar absorption coefficient, and charge transfer complexes formed between large molecules of BBOA. 11, 12 Similarly, as shown in Figure 3 , light absorption in the visible range (>400 nm) is mainly composed of the extended tails of the major BrC chromophores. Particularly, in the BS BBOA sample, C 8 H 8 O 3 chromophore accounts for ∼30% of light absorption at 300 nm and ∼10% at 350 nm. Since BrC chromophores in the PP, PT, and BS BBOA are mainly aromatic compounds with multiple hydroxyl and aldehyde/ketone groups, part of light absorption properties of these BBOA samples may originate from intermolecular interactions resulting in formation of chargetransfer complexes. 11, 12 Moreover, aromatic compounds with multiple hydroxyl groups may form complexes with transition metals. 55, 76, 77 Such complexes may additionally enhance the light absorption properties of the organic ligands. Therefore, it is of particular interest to investigate the effects of transition metals on BrC absorption in future studies. Overall, numerous chromophores with varying concentrations and light absorption properties contribute to light absorption by BrC. The results in Figure 3 suggest that a considerable fraction of light absorption can be attributed to a limited number of strong chromophores. Although the exact molecular compositions of these chromophores are complex and diverse, some features on their core structures and functional groups are elucidated. These strong chromophores may serve as representative species for studying the reactivity of BrC under atmospheric aging processes. 16, 17, 30, 31 Understanding the evolution of the optical properties of BrC and the underlying reaction mechanisms during atmospheric aging will benefit the evaluation of BrC's impacts on the direct radiative forcing of climate. 6 The HPLC/PDA/HRMS analysis described above focuses on the composition and absorption spectra of f resh BBOA samples. However, the properties of BBOA may change as a result of chemical aging, for example, photobleaching, and physical aging, for example, selective evaporation of highervolatility compounds primary particles. To assess the potential importance of these aging processes, we examined the stability of the light absorption by the BrC chromophores in the BBOA samples with respect to UV photobleaching. In general, the samples became less absorbing after the UV irradiation (Appendix II of SI). For example, Figure S15 shows that the absorption spectrum of PT BBOA decreases at all wavelengths after irradiation. The decrease in absorbance does not follow a single exponential decay because different chromophores decompose at different rates, as shown in Figure S16 . However, on average, the absorbance decays with a half-life of 16.5 h under the conditions corresponding to 24-h average radiation flux in Los Angeles in summer. This relatively rapid evolution of the absorption characteristics may change the radiative forcing of BBOA after photochemical aging.
Fresh smoke particles commonly lose mass through evaporation. 78 If chromophores are much less or much more volatile than nonabsorbing BBOA compounds, evaporation may alter the absorption properties of BBOA. To examine this effect, we estimated the pure compound saturation mass concentration (C 0 ) distribution of the four BBOA samples based on the "molecular corridor" approach, which relies on an empirically observed inverse correlation between C 0 and molar mass of OA compounds.
48,49 Figure 4 shows the result of this estimation. The observed compounds (color-coded by atomic O:C ratio) fall into the space with upper and lower limiting boundaries represented by linear alkanes (C n H 2n+2 , O:C = 0; purple dashed line) and sugar alcohols (C n H 2n+2 O n , O:C = 1; red dashed line), respectively. All of the four BBOA samples cover a wide range of C 0 from 10 −10 μg m −3 , characteristic of extremely low volatility organic compounds, to 10 7 μg m −3 , characteristic of highly volatile compounds that should readily evaporate from particles. (Under typical ambient conditions, compounds with C 0 above 1 μg m −3 are more likely to be found in the gas-phase. 79, 80 ) Most observed compounds have low O:C ratio and thus are located closer to the alkane line. Some highly oxidized and low volatility compounds from SG, PP, and BS are found in the lower middle space of the molecular corridor, while those are not observed in the PT sample. The most abundant BrC chromophores discussed earlier are shown with larger symbols in Figure 4 . In SG and PT BBOA, BrC chromophores have a wide volatility range, and at least some of them are expected to evaporate from the particles. This implies that physical aging by evaporation may have a rather significant effect on the optical properties of BBOA.
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